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ABSTRACT
Kiaei, Kimia. M.S.M.S.E., Department of Mechanical and Materials Engineering, Wright State
University, 2019. Hierarchical carbon structures with vertically- aligned nanotube carpets for oilwater separation under different conditions.

The primary purpose of this study is to investigate the role of surface nano-structuring in
fluid separation. It is hypothesized that hierarchical carbon structures consisting of aligned
carbon nanotube arrays strongly adhered to the surface of porous carbon solids such as
fabric and foam, can be used for separation of polar and non-polar fluids by selective wettability of one fluid and rejection of another. The vertically-aligned carbon nanotube arrays,
as synthesized, possess super hydrophobicity demonstrated by high water contact angle on
their surfaces. On the other hand, they are incredibly oleophilic, showing a high affinity to
adsorb oil. These properties make it possible for the carbon nanotube arrays to adsorb and
reject certain liquids based on their polarity selectively. By investigating the wettability of
these hierarchical structures with water and variety of model oils, initially in the presence
of air, and later in the presence of each other, we demonstrate that selective capillary-based
devices are thermodynamically possible under different conditions. We have measured the
sorption capacity of the model oils in this study, and we have shown the increase in sorption capacity by the specific surface area. We have also shown that adsorption in multiple
cycles does not decrease the sorption capacity for these structures, and therefore, they have
the potential to be used multiple times without losing their efficiency. Finally, we investigated the selective wettability and separation phenomena of oil-water mixtures, with and
without surfactants. These studies show the capabilities and practical limitations of these
porous hierarchical structures in the separation of oil from water. We suggest that porosity
control of the substrates and controlling the direction of the liquid flow could be an essential
part of the future studies for making these structures more effective membranes.
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Chapter 1: Theoretical Overview
The date of this document generation (current version of this document) is the date of the
thesis on page two (September 5, 2019).

1.1

Wetting on a Textured Surface

The study of the interfaces between such as two immiscible liquids or a liquid and a solid is
known as capillarity, a field created by Pierre Simon de Laplace (1749-1827) and Thomas
Young (1773-1829)[1].
We can think of a liquid surface as a stretched membrane with a surface tension that
opposes its distortion[1]. In a liquid, as a dense fluid, molecules attract one another. While
thermal agitation forces the molecules apart, if the attraction can dominate, molecules
switch from a gas phase to a liquid which is still disordered.
In the depths of a liquid, a molecule can interact with all its neighbors while a surface
molecule loses half of those interactions. This is why liquids adjust their shape to expose
the smallest possible surface area[1]. Because the surface molecules are in an unfavorable
energy state.
The total cohesion energy for a surface molecule is almost half times of that of a
molecule inside the liquid. This energy shortfall per unit surface area is the Surface tension[1].
Most oils have an energy of cohesion equivalent to the thermal energy because their
cohesion energy is almost equivalent to the thermal energy kT , which at room temperature
1

would give a surface tension of 20 mJ/m2 . Water as a material with hydrogen bonds has a
higher surface tension at the same temperature (72 mJ/m2 )[1].
Similarly, for two immiscible liquids, the surface energy between them is characterized by interfacial tension. Despite having its origin at the molecular level, the surface
tension is a macroscopic parameter [1].
Wetting is the study of how a liquid spreads out when deposited on a solid or a liquid
substrate. To control the wettability means to change the wetting properties, for example,
change a solid surface to let a previously non-wetting liquid spread completely and hence,
wet the surface[1].
There are two types of wetting, total wetting, and partial wetting. Complete wetting
is when the liquid has a strong affinity for the solid, and partial or non- wetting is when
otherwise.
We can determine whether a liquid can thoroughly wet a solid, or whether a particular
liquid can spread entirely on a solid or a second liquid surface according to their interfacial
tension by using the spreading parameter[1]. We determine the spreading parameter by the
following equation:

S = [Esubstrate ]dry − [Esubstrate ]wet

Figure 1.1: Configuration of the drop in Young’s contact angle model.
2

(1.1)

Figure 1.2: Configuration of the drop in Wenzel’s contact angle model.

If the wetting parameter has a positive value, there will be complete wetting. For a
negative spreading parameter, the wetting will be partial. For a more quantitative analysis
of the affinity of a liquid to a solid, we can determine the wettability of a substrate by a
specific liquid, by the equilibrium contact angle of that droplet with the solid. According
to figure1.1 Youngs equation determines the inherent contact angle of a liquid drop on an
ideally smooth surface, given as[2]:

cosθ = (γ(solid−air) − γ(solid−liquid) )/γ(liquid−air)

(1.2)

When some roughness with roughness factor of r is present on the surface, the apparent
contact angle θ∗ can be determined from Wenzels equation[2]:(figure1.2)

cosθ∗ = rcosθ, (r > 1)

(1.3)

When the roughness is large enough to allow the surface to trap air inside its structure,
follows the fakir droplet formation where the droplets are only in contact with the top of the
asperities[2]. The fakir drop regime follows the Cassie-Baxter equation which for the case
of trapped air in texture, the apparent contact angle θ∗ is calculated as follows:(figure1.3

cosθ∗ = −1 + φ(cosθ + 1)

(1.4)

If φ is the ratio of the solid in contact with a liquid drop, and r is the roughness factor,

3

Figure 1.3: Configuration of the drop in Cassie’s contact angle model.

the floating droplet condition is guaranteed provided that the inherent contact angle is larger
than a critical value (θ > θc ), Which they define it as follows[2]:

θc =

1.2

(1 − φ)
(r − φ)

(1.5)

The Ability of a Membrane’s Surface for the Separation of Two Immiscible Liquids

For two non-reactive immiscible liquids (oil-water), it must be possible in terms of energy, for a membrane to selectively be wetted by one and reject the other. In this case,
a consistent film of the wetting liquid must form on the membrane at the presence of the
other liquid[3], so the membrane allows the first liquid to pass through while rejecting the
droplets of the other liquid and hence, separating the two liquids from an emulsion. All the
possible configurations, along with their energy state, are demonstrated in figure1.4. For
an ideal condition, the E5 configuration needs to be stable, and according to the figure, the
underwater contact angle of oil needs to be zero to provide this condition[4].
For Total wetting at the presence of a second liquid, energy state E5 applies [5]:

E5 < E1 , E3 θ(os(w)) = 0 ←→ γsw − γos − γow ≡ Sos(w) ≥ 0

4

(1.6)

Figure 1.4: Energy configurations of a liquid droplet at the presence of another immiscible
liquid.
Here, E is the total interface energy per unit area for each of the subscript conditions.
Sos(w) is the spreading parameter of oil on the solid at the presence of water. The spreading parameter is the difference between the surface energy per unit area of dry and wet
conditions as demonstrated in equation1.1.
For complete wetting, the wetting parameter needs to have a positive value[1]. By
defining the spreading parameter in terms of surface tension, we have:

S(os(w)) = γws − γos − γow

(1.7)

Moreover, applying Youngs equation gives:

S(os(w)) = γow (cosθ − 1)

(1.8)

Moreover, we should take into consideration the fact that θ, the Youngs contact angle,
would only make sense when the spreading parameter has a negative value.

1.3

Imbibition Through a Porous Membrane

There are two points of views to look at material uptake on a solid: one is the multi/monolayer adsorption when a solid adsorbent is receiving components from a solution and the
molecules of that component are attached to the surface of the adsorbent.
5

On the other hand, imbibition of a liquid on a solid substrate indicates the whole
amount of the liquid that is entering the substrate. Including both the liquid that is passing
through the pores and the liquid that is attached to the pore walls.
In this study, we refer to ”sorption” as the uptake of fluids in a porous substrate,
including both imbibition and adsorption.
According to Washburn’s law [6], For the penetration of a liquid through any capillary
with a surface small enough to neglect the effects of gravity, and when the driving pressure
is the capillary pressure, the rate is directly proportional to r, the radius of the capillary,
cosθ,the cosine of the contact angle between the rising liquid and the capillary wall, and the
surface tension,γ to viscosity, η ratio of the liquid with l being the length of penetration[6].
r γ
η 4lcosθ

dl/dt =

(1.9)

As a derivation of Washburns law, the volume of the liquid that enters a porous media
with small capillaries such that the total external pressure behind the liquid is negligible in
comparison with 2γ/r is calculated as follows:

V = kw0 (γ/η)(1/2) t(1/2)

(1.10)

kw0 is independent of the nature of the liquid.

1.3.1

Capillary Flow in Porous Media

Darcys law describes capillary imbibition in porous media[7]:

q = −(k/µ) 5 p

(1.11)

q is the flow rate, k is the permeability, p is the driving pressure, and µ is the liquid viscosity.

6

The pore size determines both permeability and driving pressure. The permeability
is related to the cross-sectional area of the fluid conduit. The driving capillary pressure
is related to the meniscus curvature of the wetting front. Wicking velocity, u, in a porous
medium is the velocity of the flow along the vertical axis which according to Darcys law:

u = −(k/µ)dp/dz

1.3.2

(1.12)

Porosity and Saturation

Porosity is the volume fraction of pores[5]. In a porous medium, assuming there are multiple phases of fluids present in the structure, the porosity can be expressed as the sum of the
volume fraction of each fluid (including air). For example, in the case of air and water[5]:

φ = (Uw + Ua )/U = θa + θw

(1.13)

U is the total volume of the present fluids and the solid phase. Uw and Ua are the
volumes occupied by water and air, respectively.
The saturation of each fluid phase is defined by the pore space occupied by the given
fluid:
Sa = θa /φ

(1.14)

The sum of all fluid saturations must be equal to 1.

1.3.3

A model for spontaneous imbibition when gravity is considered

A linear correlation between the spontaneous imbibing rate and the recovery which is the
inverse of the imbibition, can be written as[8]:

q w = a0

1
− b0
R

7

(1.15)

R is the recovery which is defined as the ratio of liquid imbibed to the pore volume
which is usually directly proportional to the front height h. qwis the volumetric spontaneous
imbibing rate of the liquid, equal to dR/dt.

a0 =

Akw∗ (Swf − S(wi) ) ∗
Pc
µL

(1.16)

Akw∗
µ 4 ρg

(1.17)

b0 =

A is the cross-sectional area of the sample, Swf is the water (fluid) saturation behind
the imbibition front, Swi is the initial wetting phase saturation in the sample, Pc ∗ is the capillary pressure at Swf , and L is the length of the sample. Kw ∗ is the effective permeability
of the wetting phase.

1.4

Kinetic Models of Adsorption

Adsorption involves the mass transport of adsorbate from the solution phase to the adsorbent surface where the adsorption occurs. This physical-chemical process continues until
thermodynamic equilibrium establishes.
Thermodynamic equilibrium is defined by most importantly, the concentrations of
adsorbent and adsorbate, and then temperature, viscosity, and pH. All the theoretical and
models for reversible adsorption are based on thermodynamic equilibrium[9].
Freundlich equation is a completely empirical model describing adsorption when equilibrium obtained. According to this model, at a constant temperature, the amount of adsorbate per unit mass of adsorbent is a logarithmic function of the adsorbate concentration in
the fluid phase at equilibrium.
The Freundlich equation describes non-linear adsorption in a limited range of adsorbate concentrations and it is mathematically simple, and it describes adsorption processes
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on surface adsorption sites that are energetically heterogeneous, meaning the surface structure is not uniform and therefore, the adsorption sites require different amounts of energy
for in order for a molecule to attach to them from a certain distance[9].
One shortcoming of the Freundlich equation is that it does not determine a limit in the
adsorption capacity and based on this model, the amount adsorbed may be infinite as the
adsorbate concentration increases.
Freundlich equation shows that the amount of adsorption increases with the nth power
of the concentration of the adsorbate. According to the following equation:

logQ = logK + nlogC

(1.18)

Q is the mass of substance adsorbed per mass of adsorbent at equilibrium and C, the
concentration of adsorbate left in the solution.
Thermodynamic data provides information only about the final state of a system, while
kinetic data provide information about the changes in chemical properties with time, and
specifically, the rate of those changes[10]. In the following sections, we consider the kinetics of adsorption.
The adsorption process is assumed to consist of three steps[11]: The external mass
transfer of the adsorbate from the bulk solution to the external surface of the adsorbent,
internal diffusion of the adsorbate to the sorption sites, and the sorption.
Some models assume that the sorption is the rate limiting process, while others suppose the diffusion is the limiting step.

1.4.1

Diffusional models

The consideration for diffusional models is that diffusion limits the rate of the process.
These models are based on either of the following steps[11]:
1. External mass transport across the porosity
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2. Diffusional mass transfer within the lattice and the microstructure of the solid
regions and the pores
3. Adsorption at a site on the surface
These models have been developed and used frequently for the removal of dyes and
organic materials from wastewater.
Crank Model is a diffusional model that discusses the homogeneous diffusion of a
solute on a solid modeled as a sphere, with a constant surface diffusivity Ds at all points in
the particle. Weber and Morris Model and Bangham Model are other models that are also
based on diffusion [11].
Weber and Moris developed their model by studying the adsorption of alkyl benzene
sulfonates by activated carbons. In their model, the sorption depends increases with the
square root of time. The relationship between Q/Qmax versus t1/2 can be decomposed into
two linear equations[12], the first one corresponding to:

Q/Qmax = C1 × t(1/2)

(1.19)

Q/Qmax = C2 × t(1/2) + C3

(1.20)

Moreover, the second one:

While t is the time of sorption, Q and Qm ax are the sorption capacity at time t, and
the maximum sorption capacity, respectively. C1 , C2 , and C3 are constants.

1.4.2

Adsorption Models

For these models, adsorption is assumed to be the slowest process.
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Pseudo first order model
Pseudo-first-order model is an adsorption model with the following assumptions[11]:
1. Adsorption only occurs on surface sites in the solid, and there is no interaction
between the adsorbed ions.
2. The energy of adsorption does not change with the surface coverage.
3. Maximum adsorption occurs when there is a saturated monolayer of adsorbates on
the adsorbent surface.
4.The adsorbate concentration is constant.
In this model a first-order rate equation describes adsorption and is as follows:

0

Q = Qmax (1 − e−k t )
The rate of adsorption,

dQ
dt

(1.21)

decreases with time, and reaches zero at infinite adsorption

time which is also called saturation time. This is shown by the derivative of equation 1.21
that gives:
dQ
0
= Qmax (−k 0 e−k t )
dt

(1.22)

Q is the amount of adsorbate per adsorbent (mg/g) at time t, Qmax is the maximum
amount of adsorbate that can be stored per adsorbent. k’ is the pseudo adsorption rate
constant with the unit s−1 . The observed rate constant is a linear function of the concentration of the adsorbate [10]. The pseudo-first order model has been adequately employed to
describe reactions[12].

Pseudo-second Order Model
Another model of adsorption is the pseudo-second order model. In this model, Two adsorption sites are involved in the adsorption of one component of the adsorbate. For in-
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stance, if the adsorbate is a heavy metal solution, each heavy metal ion is adsorbed on
two sites. While in the pseudo-first order model the ion is adsorbed on one site only. All
other assumptions are the same as the first order model. The adsorption is described by a
second-order rate equation governs it[11]:

Q = (k 0 Q2max )t/(1 + k 0 Qmax t)

(1.23)

The derivative of equation 1.23 gives:
k 0 Q2max
dq
=
dt
(1 + k 0 Qmax t)2

(1.24)

The unit of k’ is g/(mg.s) for the second order model. The rate constant is a complex
function of the initial concentration of the solute[10].
Both pseudo-first and pseudo-second-order models assume that the driving force for
adsorption is the difference in the equilibrium surface concentrations[12].

Pseudo n order model for n 6= 0 [11]
An extention of the pseudo-first and pseudo-second order models is the pseudo-n order
model. In this model same assumptions apply as the first and second order model, except
for the rate equation of order n:

Q = Qmax (1 − (

1+

k 0 (n

1
1
) n−1
n−1
− 1)Qmax t

(1.25)

The unit of k is mg 1−n s−1 .

Langmuir Model
For the Langmuir model, the assumptions are the same, but the rate of desorption is also
considered separately[11]:
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Q = Qmax

k0
0
(1 − e−(k +k)t )
0
k +k

(1.26)

With k being the adsorption rate constant (Lmg −1 s−1 ) Unit of k’ is s−1 .

Elovich Model
For the Elovich model the assumptions are as follows[11]:
Adsorption occurs on the surface sites of the solid only but there is an interaction
between the adsorbed ions. The energy of adsorption increases linearly with the surface
coverage according to the law:

Ea = Ea0 + RT βQ

(1.27)

kad can be written as:

kad = Cte × exp

Ea
= α0 × exp(−βQ)
RT

α = Cte × exp

−Ea0
RT

(1.28)

(1.29)

The concentration of the adsorbate is constant, and the ion uptake is negligible before
the exponential[11].

Q = (1/β)Ln(1 + αβt)

(1.30)

α is the initial adsorption rate (mgg −1 s−1 ), and β is a constant depending on the
surface coverage and also the activation energy for chemisorption (g/mg), Ea being the
activation energy (J/mol).
Understanding the nature of adsorption in a specific system is challenging. The two
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important challenges include the following:
Firstly, both diffusional and adsorption kinetic models predict similar behavior for
specific ranges of adsorption times and surface coverages.
Furthermore, the theoretical origin of some of these models that have been used frequently in the literature is actual not very well understood, and therefore, if the kinetic data
can simply fit very well to a certain model that does not necessarily determine the nature
of the adsorption process [13].
In this study, we only use kinetic models of adsorption to extrapolate the amount
of total liquid uptake at saturation. The discussion of the adsorption mechanisms in our
samples is out of the scope of this study. However, we will provide an introduction about the
possible mechanisms of adsorption of organic compounds on graphitic surfaces, including
carbonous nanomaterials.

1.5

Adsorption Mechanism of Organic Compounds on Carbon Structures

For organic adsorbates on a graphite surface, the interactions are through weak physisorption. We can assume that the structure and properties of adsorbate are not distributed significantly by the omission of substrate dynamics. Thus the molecule-substrate interaction
can be treated as a static adsorption process[13].
Both carbon nanotubes and activated carbons are useful for the adsorption of organic
chemicals. Reportedly, the CNTs have shown a larger adsorption capacity and adsorption
energy as well as a shorter equilibrium time and easier and more efficient regeneration than
the activated carbons[14].
Three main mechanisms take part in the adsorption of organic compounds: hydrogen
bonding between organic molecules and the polar groups present on the surface of nan-
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otubes, π − π interactions between aromatic rings of organic molecules and the graphene
lattice, and electron-donor reactions between the surface of the adsorbent and adsorbate
molecules[15].
Another important factor affecting the adsorption of organic compounds on carbon
nanomaterials are chemical surface groups. The physical obstruction that can be caused by
various reasons such as entanglement of polymer molecules could also have an important
effect on the adsorption process.

1.5.1

The Characteristics of Adsorption of Organic Chemicals on Carbon Nanotubes

The features of the adsorption of organic chemicals on carbon nanotubes are generally
reported as heterogeneous adsorption and a single adsorption coefficient is not enough to
adequately describe the process[14].
Also, there is a hysteresis for adsorption-desorption for small organic molecules as
well as some polymers.
Furthermore, for the adsorption of organic molecules on carbon nanotubes, multiple
mechanisms exist that affect the process of adsorption at the same time. Including the
mechanisms that we mentioned before such as π −π interactions between the CNT surfaces
and organic molecules with C=C double bonds or benzene rings, hydrophobic interactions,
hydrogen bonds between the functional groups on CNT surfaces and the organic molecules,
as well as electrostatic interactions with a charged CNT surface[14].

Factors affecting the Adsorption Mechanism of Organic Chemicals on Carbon Nanotubes
Environmental conditions affect each different adsorption mechanism differently and therefore, understanding the relative contribution of an individual mechanism to the overall ad15

sorption process is essential[14].
Carbon Nanotube Properties[14]
Adsorption could also be affected by CNT properties, such as the physical properties
of the CNTs, the functional groups of CNTs, and the morphology of CNTs.
Type of Organic Chemical
The type of organic chemicals also plays a role in determining the adsorption mechanism. The factors affecting adsorption include the molecular morphology of the adsorbate,
such as the shape and size of the compound that determines the availability of different
adsorption sites on CNTs[14].
On the other hand, larger organic molecules have higher adsorption energies and therefore, in the separation of mixed chemicals a larger difference in size would have better
results.
Adsorption can also be affected by the functional groups of organic chemicals. In a
carbon nanotube,there is a π electron orbit perpendicular to CNT surface for each carbon
atom. Organic molecules such as the ones with benzene rings or double C=C bonds contain
π electrons and can form π − π bonds with CNTs.
The electron-donor-acceptor π − π ineractions is the most widely recognized influence of functional groups on the interactions between the organic chemicals and carbon
nanotubes. For instance, the strength of these π − π bonds greatly depends on the functional groups to which the benzene rings of the organic chemicals are attached[14].
Environmental Factors
Environmental conditions also affect the adsorption of organic chemicals on CNTs.
For instance, pH and ionic strength for ionizable organic chemicals can affect the adsorption characteristics by changing the chemical speciation[14].
Another environmental factor that can affect the adsorption is the dispersion of CNTs
with surfactants or dissolved organic matters. While the presence of surfactants can increase the solubility of the organic adsorbates and negatively affect their adsorption. On
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the other hand, by dispersing the CNTs, surfactants can increase the occurrence of available
adsorption sites on CNTs and improve the adsorption[14].

1.5.2

Adsorption of organic compounds on carbon nanomaterials in
Aqueous phase

According to the previous reports[16], the adsorption of organic compounds in aqueous
solutions on carbon nanomaterials has the following characteristics:
Firstly, the adsorption of organic chemicals on carbon nanoparticles has a process that
can be described neither as a Langmuir monolayer adsorption on a homogeneous surface
nor as a BET multilayer adsorption but rather a more complicated multilayer formation.
Furthermore, depending on the geometry of carbon nanomaterials, there are multiple
types of spaces available for adsorption that we can not classify as simple adsorption sites.
For example, the external surface of fullerenes as closed graphitic balls provides
spaces for adsorption. These available spaces can also be affected by agglomeration. Moreover, for carbon nanotubes, inner cavities and internal and external surfaces can all be possible adsorption sites.
IN multi-walled CNTs the inter-wall spacing becomes an essential factor in allowing the adsorption of specific ions. However, generally, the inner spaces of the walls are
blocked by impurities, and when it comes to organic adsorbates, the only available spaces
in CNTs is usually limited to the spaces outside on the surface of the nanotubes.

A Clarification for Determining the Adsorption
Adsorption capacity and affinity are two different aspects; The potential space available for
adsorption limits the adsorption capacity while the strength of the attractive forces between
the adsorbate and adsorbent molecules determines the adsroption affinity[17].
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Polanyi Theory
Polanyi theory describes an attractive potential between the organic molecules and the solid
surface of the adsorbent. The closer the molecule is to the surface, the higher this potential
becomes.
This potential,  is defined by equation 1.31, which describes the energy required to
remove an adsorbed molecule from a sorption site to a point where there is no attractive
force left between the organic molecule and the adsorbent surface [16].

 = −RT ln(Ce /Cs )

(1.31)

R is the universal gas constant, and T is the absolute temperature. Cs is the water solubility and Ce is the equilibrium solution phase concentration of an adsorbate for aqueous
adsorption.
According to Polanyi theory, if we plot the volumetric amount of adsorbed material
against the equilibrium adsorption potential, the result is a ”characteristic curve” that is
independent of temperature and is affected by the structure of the solid adsorbent.
Polanyi theory is used frequently in literature for adsorption in carbon materials and
is applicable in higher vapor pressures and is appropriate for aqueous solutions of organic
compounds.
We have provided a theoretical background on the adsorption of organic chemicals
by carbon nanoparticles. In this study, we will not discuss adsorption with such detail at
the molecular level. Instead, we suggest possible effects of microstructure on the selective
uptake of organics on hierarchical CNT-porous carbon substrates.
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1.6

Carbon Nanotube Carpets: Previous Studies on Fabrication Methods, Characteristics, and Applications

This is an overview of the studies carried out by Dr. Mukhopadhyays group on carbon
nanotube (CNT) arrays.
The carbon nanotube carpets in this study possess a hierarchical structure that consists
of a carbon nanotube coating on a carbon substrate. The substrates used in this study and all
the previous ones include carbon fabrics, reticulated vitreous carbon foams and graphite.

1.6.1

Fabrication Methods of the CNT Carpets

The CNT carpets that are produced in this research group are synthesized by a two-step
method previously developed [18],[19]. This method includes coating the substrate with
an oxide layer using the plasma chemical vapor deposition in a plasma chamber followed
by the growth of CNTs in a furnace using the floating catalyst CVD.
The oxide buffer layer that is deposited on the substrate before the CNT growth is
silicon oxide. According to the studies on the buffer layers for this fabrication method17,
the SiO2 layer that is deposited by plasma CVD results in the tallest growth height in the
same growth time and is a stable layer for CNT attachment to the substrate[18].
In comparison, the Al2O3 layer offers a faster CNT nucleation and a more uniform
size distribution. However it has adhesion issues on the substrate[18]. Furthermore, the
roughness of the buffer layer reportedly affects the catalyst particle density that also affects
the CNT carpet height[18].
The floating catalyst CVD method is a one-step synthesize method that does not require a separate catalyst deposition step and produces dense uniform CNTs with finest CNT
diameter in comparison to another CVD methods[20].
However, it is inevitable for this fabrication method to produce excess metal particles
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from the catalyst and leave impurities behind on the as-prepared samples. We can control
the amount of impurity by stopping the injection of the catalyst source [21]. It is also
reported that the size of the catalyst particles are related to the CNT diameter [18].

1.6.2

Studies on the applications of CNT Carpets

The performance of the CNT arrays has been tested in the previous studies for different
applications including energy storage, biomedical, thermal, and water purification.

Thermal analysis of the CNT carpets
In a previous study, vertically aligned CNT arrays were grown on highly oriented pyrolytic graphite substrates which provided a robust and durable all-carbon hierarchical
structure[22].
The capability of these structures to be used as thermal interface materials was discussed by evaluating thermal properties. It was predicted that in this structure for a CNT
with maximum packing density, a low thermal resistance value of 2 × 10−6 m2 K/W can be
achieved [22].

Electrochemical Charge Storage
The growth of CNTs on macroporous structures can provide a hierarchical assembly with
closely spaced nanostructures. This structure can enhance the energy density of electrochemical capacitors.
In a previous study[23], it was determined that the growth of CNTs on reticulated
vitreous carbon (RVC) foams, can increase the double layer capacitance by 50 times in
comparison to plain RVC foams.
This study suggests that the CNTs as well as increasing the active surface area, improves the volume contribution of the RVC foams for active Faradaic charge storage.
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Biomaterials
Multiscale hierarchical structures are present in many biological tissues and provide their
specific architecture and function. As an example, such structure can enhance the regeneration of a skeletal muscle.
Multiscale hierarchical scaffolds are essential replicas that provide surface for myoblasts to which they can attach and grow at the microscale and allow cell infiltration as
well as nutrient exchange[24].
These nanostructured surfaces reportedly offer excellent control over nano-roughness
and wettability which improves myoblast adhesion, growth, and differentiation into myocytes.
Nanostructured CNT carpets that are combined with microscale aligned fibrous structures were successfully used as templates to help enhance myocyte fusion into multinucleated myotubes [24].

Water Purification
The hierarchical CNT arrays can provide supports for catalytic nanoparticles for degradation of pollutants. It is previously shown[25] that growing Pd and PdO nanoparticles on
CNT arrays can help these nanoparticles to act as catalysts in degradation of atrazine which
is a common pollutant without using any electrical or optical inducement.
CNT arrays can also act as adsorbents to remove chemicals from water. A pristine
CNT can help increase the flux, and selectively adsorb a specific chemical depending on its
molecular structure.
CNT arrays can be functionalized. For instance, by coating them with a metal oxide
layer, electrostatic interactions will be dominant and enhance the adsorption of a charged
part of a solution, such a heavy metal ion. On the other hand, the exposed parts of the CNT
can interact through van der Waals interactions[26].
By forming a hierarchical array of CNTs, the available surface area increases which
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helps to disperse the catalytic particles as much as possible. With CNT forests grafted
on a porous substrate and the dispersion of nanoparticles and with the help of surface
functionalization, a morphology appears that has many nanoreactors for the removal of
pollutant chemicals from water [26].
It has been previously shown that the CNT arrays are robust enough to be used as adsorbents for water dyes over multiple cycles without deteriorating its sorption capacity[27].
The hierarchical CNT arrays have also shown robustness in the attachment of nanoparticles. It has been shown that after functionalization with silver nanoparticles (AgNPs), the
density and particle size distribution of the AgNPs remained unchanged throughout the
CNT arrays after high power ultrasonic agitation, which suggests a potential use for these
structures for chemical-free disinfection of water[28],[29].
Another usage for Pd nanoparticles as catalysts for water purification is in dechlorination of chlorinated hydrocarbons. The dechlorination reaction is the breaking of carbonchlorine bonds by molecular H2 where hydrogen replaces chlorine, and which is facilitated
by a catalyst.
It has been shown that the CNT arrays as well as being robust supports for the Pd
nanoparticles facilitate heterogeneous catalysis. For the case of tetrachloromethane (TCM),
using CNT arrays as catalyst supports has successfully reduced the TCM to chloroform,
which is less toxic, with a significant increase in the degradation rate compared to plain
graphitic foam supports[30].

Surface Functionalization of CNT Arrays
Pure and defect-free CNT arrays are inherently hydrophobic because of the non-polarity
of pure graphene surfaces[31]. Sometimes, this hydrophobicity can be a limiting factor
when there is a need to interact with water and other polar fluids because the fluid cannot
penetrate the depths of the carpet and this why, the effective surface area will be lower than
the actual surface area.
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In these instances, the CNT surface needs treatment to reduce hydrophobicity. On the
other hand, when it is required to grow nanoparticles on the CNT arrays, enriching the CNT
surface with polar groups such as hydroxyls will provide activation cites for the growth of
metal nanoparticles.
In a previous study of the functionalization of CNT arrays, two methods of surface
functionalization were used. Plasma etching with oxygen gas consists of the exposure of
the CNT-attached substrate to oxygen microwave plasma. The other method that has been
used is sol-gel silica coating that includes dipping and drying the CNT-carpets in a silica
solution and then controlled heating[31]. The EDS analysis of all the samples indicated the
following:
All samples have shown remnants of iron which is the catalyst during the CVD synthesis process to obtain the CNT-carpets. However, the iron nanoparticles are concentarted
deep inside the nanotubes. So, in the case of growing silver nanoparticles on the surface,
these irons will not interfere with the functionality of the silver nanoparticles. Oxygen
content increased with both surface treatment methods. In the case of silica sol-gel treated
samples, the silicon signals also increase for EDS[31].
Water contact angle measurements also indicate that for both methods, the water contact angle decreases from a superhydrophobic value of 160o to hydrophilic with contact
angles of ¡10o for plasma-treated samples and 45o for the sol-gel treated samples[31].
With plasma treatment, the morphology of the CNT-arrays remains unchanged. With
this method, functional groups attach to the surface of nanotubes and alterations are also
made in surface atomic bonds. These atomic level changes do not make any change in
the morphology at the micro and nano scales that is detectable in high-resolution SEM
images[32].
It is shown that the oxygen plasma surface treatment is reversible by heating the material gently at 110o C in the air or storing the samples in a desiccator environment for weeks.
After 3 hours of heat treatment, the superhydrophobicity is restored. The surface chemistry
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investigation data indicate that the loss of the O/OH species that were attached to carbon
from plasma treatment is responsible for this hydrophobicity reversion[33].
For plasma-treated hydrophilic CNT-array samples it is shown that after landing droplets
of water and letting the drop to evaporate, the CNTs on the affected area that have been under the droplet collapse, probably due to capillary forces of water and remain collapsed
after evaporation of the droplet due to van der Waals forces. This is visible in the SEM micrographs as crater-like regions. Therefore, on the affected areas after heat treatment, the
contact angle of water does not reverse back to its original value and has a slightly lower
value within each cycle of plasma treatment followed by heating. On the other hand, the
water contact angle is completely reversed back to its original value on the areas that are
not touched by water[32].

1.7

The objective of this Study

In this study, we discuss the wettability of carbon nanotube carpets with water and nonpolar liquids and investigate the capability of these hierarchical structures in selective adsorption of oils for removing oily waste from water.

1.8

Thesis Outline

The first chapter is an overview of all the background theoretical concepts that are discussed
in the experiments. In chapter 2 all the materials and all the fabrication and characterization
methods are listed and explained. Chapter 3 discusses the surface wettability studies and
the possibility of selective wetting of the substrates. In chapter 4, the studies on sorption
and sorption capacity of the substrates, and we further discuss morphological for adsorption
and imbibition of the liquids through the substrates.
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Chapter2:Materials and Methods

2.1

Chemicals

The chemicals used for the synthesis of hierarchical structures include Hexametyl-di-siloxane
(99.5%, HMDSO, (CH3)6Si2O, Sigma-Aldrich chemicals), Ferrocene (99%, C10H10Fe,
Alfa-Aesar Ltd), Xylene (C6H4C2H6, PTI Process Chemicals), laboratory grade oxygen,
argon, and hydrogen gas, and compressed air. Methanol and Acetone were used for cleaning the samples when necessary. Distilled water, Triton x100, and commercial vegetable
oil were used for emulsion preparation and sorption studies. Commercial pressed graphite
was used for contact angle studies, and carbon substrates were carbon fabric cloth obtained
from HEXCEL Inc., and reticulated vitreous carbon foams from Ultramet Inc.

2.2

Substrates

The substrates used as supports for carbon nanotube growth were carbon fiber cloth and
reticulated vitreous carbon (RVC) foams.

Reticulated Vitreous Carbon Foam (RVC Foam)
The RVC foams (Ultramet, RVC-80 ppi) were used as porous three-dimensional substrates
for carbon nanotube arrays. These foams possess a low density (0.045 g/cc) 97% open
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porosity, low pressure drop, and a three-dimensional cellular structure. The applications of
these foams include high temperature insulation, furnace fixturing and tooling, and catalyst
supports.

2.2.1

Carbon Fiber Cloth

The carbon fiber cloth (HEXCEL, ACGP206-g285) were used as porous, two-dimensional
substrates for carbon nanotube arrays. These carbon fibers are used as lightweight reinforcements for industries such as aerospace+.

2.3

Experimental Methods

2.3.1

Fabrication of Carbon Nanotube Arrays

The carbon nanotube arrays were fabricated by a plasma-enhanced deposition of silica layer
on the substrates followed by floating-catalyst chemical vapor deposition for growing the
carbon nanotubes. Both methods were adapted by previous studies[18],[19].
Before the coating process, the carbon fiber cloth substrates are cut into rectangular
pieces of approximately 7cm*10cm, and the 80ppi RVC foam samples are cut into circles
with a diameter the same as that of the furnace ( 70 mm) and the thickness of the samples
is controlled to be 5.00.1 mm.

Plasma-enhanced Chemical Vapor Deposition of Silica Layer
The carbon substrates were coated by a layer of silica as a buffer layer for CNT growth.
The layer deposition took place in a microwave plasma reactor (V15GL, PlasmaTech Inc.)
by exposing the samples to the plasma of hexamethyl-di-siloxane (HMDSO) and oxygen.
The plasma reactor machine was specifically pre-programmed with main processes
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and sub processes which had different parameters such as exposure time, power, and the
rate and the type of gas flowing into the chamber. For each substrate, a specific process
was chosen. There are three subprocesses with the following parameters:
Subprocess 1: At 50 Pa pressure, O2 gas with the rate of 50ml/min enters the plasma
chamber at a power of 225W for 180 seconds. This step is for surface cleaning and activation.
Subprocess 2: The Oxygen gas rate is the same (50 ml/min) but the pressure increases
to 60 Pa, and HMDSO enters the chamber at a microwave power of 250 W with a flow rate
of 2 ml/min and the duration of 300 seconds. This step is for silica coating.
Subprocess 3: The pressure in the chamber is back to 50 Pa, Oxygen gas with a rate of
50 ml/min enters the chamber at 150 W for 60 seconds. This step is to stabilize the oxide
coating.
For silica coating of each substrate, the main processes are sequences of the subprocesses mentioned above. Each substrate is coated on both front and back sides. For carbon
fiber cloth, the main process for the front is a sequence of subprocesses as follows: 12323,
and for back coating: 32323
For RVC foam, the front process is 12323 that is repeated two times, and then the back
process is 32323.

Floating-Catalyst Chemical Vapor Deposition of Carbon Nanotube (CNT) arrays
The chemical vapor deposition carried out in a furnace with a quartz tube with outer diameter of 80 mm, and the inner diameter of 72 mm, and length of 1400 mm, controlled by a
computer control module (OTF-1200X-III, MTI). The tube was insulated by two cylindrical refractory pieces and sealed with flanges and O-rings on each side. Argon and hydrogen
were installed by pipes to the tube, and the gas flows were controlled by flowmeters (RMA13, RMA-11, Dwyer) that were connected to the hydrogen and argon cylinders.
The catalyst (Ferrocene) and the carbon source (xylene) were mixed into a 1g xylene27

Figure 2.1: The schematic of the furnace for the chemical vapor deposition of carbon nanotube arrays

10ml Ferrocene solution that was injected to the furnace with an infuse pump (Pump 11
Elite, Harvard apparatus) in a 60 ml stainless steel syringe.
The furnace is first heated to 700o C with a rate of 10o C/minute while the sample is in
the center zone of the furnace and the argon gas is flowing with a rate of 800 cc/min. As the
furnace temperature reaches 700o C, the flow rate of argon is increased to 1200 cc/min, and
the injection of the catalyst/carbon source solution starts with a rate of 12.5 ml/min, along
with the flow of hydrogen at the rate of 240 cc/min, and it continues for the desired CNT
growth time. After that, the injection stops and the hydrogen flow is turned off while the
argon flow rate is back to 800 cc/min until the furnace in cooled down to room temperature.
A schematic of the CVD furnace is shown in figure2.1.

2.3.2

Characterization Techniques

Scanning Electron Microscopy (SEM)
Surface morphology of the 2-hour CNT-coated carbon fiber cloths were analyzed using a
Scios Dual-Beam Scanning Electron Microscope/ Focused Ion Beam. The images were
taken with secondary electron mode, accelerating voltage of 2.00kV. All image analysis
was carried out using ImageJ software.
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Contact Angle Analysis
Contact angle of liquids on the surface of the substrates were measured using a lab-made
goniometer made with a cardboard box. The drops with fixed volume of 5L were deposited
on the substrates using a high-accuracy pipette, and pictures were taken using an iPhone
4 camera boosted using a macro lens. The measurements on the images were carried out
using SolidWorks and ImageJ software.

29

Chapter 3: Wettability analysis of
Carbon Nanotube Carpets

3.1

Introduction

Each year, industries release massive amounts of oil into natural water sources. cleaning
oily waste water is a common issue all over the world, and a major environmental concern.
The daily amount of oily waste water that a typical mining operation produce is about
140,000 L. Apart from that, frequent oil spills and leaks during transportation or production are extremely destructive to marine environment and ecology, while this is a waste of
natural resources as well[34].
According to the type of oily contaminant, there are various ways that oil waste and
spills in natural waters can affect the environment. Such as evaporation of its volatile
parts that could also release toxins in the air. Toxic components in oil such as toluene,
ethylbenzene, and xylene are also more likely to evaporate and disperse.
When volatile components of the oil evaporate, more persistent and heavier fractions
of oil remains in the environment. As the oil weathers, the viscosity of oil increases and the
more viscous it becomes, upon emulsification with water, the more stable the emulsion[35].
A water-in-oil emulsion is a stable mixture of small droplets of water in oil. When
crude oil is emulsified,a larger storage capacity is required during oil removal operations.
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Emulsification can also lead to more persistent contaminants.
The heavy and persistent fractions of oil can adhere to the feathers and fur of birds
and animals and the shorelines.This can cause hypothermia for birds and mammals and
suffocate other organisms and lead to their death.
Thick oil can also cover tourist beaches, boats, and seawalls, and have socioeconomic
consequences. An additional problem is that toxic chemicals can be present in oil and cause
mortality and other sub-lethal effects in fish and wildlife of a polluted area[35].
The environmental consequences are not limited to petroleum oil pollutants. Massive
vegetable oil spills, despite having low toxicity, can cause serious damage to the environment similarly. They can affect surface organisms and particularly birds. For instance, in
1963, about four million liters of soybean oil entered the Minnesota River and fataly or
severely affected more than 5300 birds, Beavers,turtles, and other animals[35].
It is necessary to develop effective methods to prevent releasing oily waste into natural
waters as well as methods to remove oily waste water pollution from natural resources.
There have been many promising researches in this area and the global attention to this
matter is growing at the mean time[34].
Further development of a cost-effective method that can remove pollution in a large
scale is necessary to preserve the environment and avoid long-term consequences on both
wildlife and general health of human population.
Industrialized mechanical devices that are used to purify oil-water mixtures such as oil
skimmers all need to be operated using an external energy source energy or a high pressure.
Also, in emergency cases, porous materials such as foams and sponges and textile are
used to absorb the oil-contaminated water. But the current materials that are used for this
purpose lack capacity and spontaneously absorb both water and oil, that affects their efficiency and selectivity, and makes it hard to recycle and reuse the oil, and in the process the
oily waste is released elsewhere or is burnt and produce other types of contamination[34].
Membrane separation technology is a useful method in the treatment of oily waste-
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water. It is more economically effective compared to other commercial methods. There are
numerous researches with a focus on membrane separation technology for the treatment of
oily waste-water. This method is applicable for commercial application[36].
Varanasi et al.[37] have developed hierarchical memberanes with two layers of different scales of porosity; a thin nanoporous layer for high selectivity, and a thick microporous
layer for high flow rate and mechanical stability. The membranes have successfully separated emulsified water droplet well below 1. Kota et al.[38] have reported a novel membrane with hygro-responsive surfaces that are super hydrophilic and super oleophobic and
are capable of oil-water separation in a range of oil-water mixtures with more than 99%
separation efficiency.
Recent studies related to membrane technology are mainly focused on surface superwettability, which is superhydrophobicity, superhydrophilicity, superoleophobicity, and
superoleophilicity. These extreme wetting properties can be controlled and designed by
changing the chemistry and geometric morphology of a solid surface. For a membrane, extremely different affinities towards water and oils under defined external conditions, makes
it possible to separate oil from water in principle.
Superhydrophobic/superoleophilic membranes demonstrate oil-removing properties
while superoleophobic/superhydrophilic membranes demonstrate water-removing properties[34].
For instance, a superhydrophobic/superoleophilic membrane lets the oil pass through, while
it withholds water from passing through.
Selective adsorption can be a useful property for a surface to be used as a water-oil
separation membrane. This quality can be used for either removing oil from water, such
as cleaning oil spillage from water, or purifying oil by removing aqueous-phase impurities
from it. It is possible to use this property for both free mixtures and emulsions of oil and
water.
To determine the effective separability of a membrane, there are four important contact
angles to measure. Advancing contact angles of water or oil drops in air, and the advancing
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contact angles submerged in the opposite phase [34], such as the advancing contact angle
of water in oil and oil in water.
One of these contact angles needs to be greater than 160◦ to resist the flow of one
liquid while allowing the other one to pass and have a mesh that separates oil and water
mixtures well. For a mesh, this resistance can be calculated using the interfacial tension γ,
the advancing contact angle of one phase submerged in the other θA , and the size(length)
of the square pore φ. The resistance can be defined as follows:

P = (4γcos(180◦ − θA )/φ

(3.1)

From this equation, a small pore size combined with a high contact angle will result
in a high resistant for the passage of the second phase, and consequently, the membrane
selectively reject that phase while letting the other pass through. However, one obvious
condition to consider for a mesh to separate oil from water is that the mesh pore size must
be smaller than the size of the droplets of the second phase in the emulsion or mixture,
otherwise, the droplets will pass through[34].
Often, surface modification is needed to improve the efficiency of a porous material
to be used as oil/water separation membrane. One common method of surface modification is the addition of nanoparticles to a porous material as an efficient way to increase
hydrophobicity to prevent adsorption of water and to increase the oleophilicity required for
oil absorbance or a higher rate of flux[34].
In previous studies[18]-[32], carbon nanotube arrays have been grafted on porous carbon materials, creating hierarchical carbon scaffolds that have shown promise in removing
soluble pollutants from contaminated water, and have also increased the surface roughness
and hydrophobicity of the porous structures.
Aligned carbon nanotube arrays have shown super-hydrophobicity with water contact
angles that are higher than 150◦ [1]. On the other hand, being a non-polar material, they
likely demonstrate high affinity to non-polar liquids with low surface tension such as oils.
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These wetting characteristics can make it possible for these surfaces to adsorb one liquid
and reject another which we call selective adsorption.
In this chapter, we investigate the wettability of carbon nanotube carpets with water
and some non-polar liquids and discuss the possibility of selective wetting for non-polar
liquids. Furthermore, we observe the effect of some surface treatments on the wettability
with water and non-polar liquids.
Xylene was used as a non-polar chemical and model oil for contact angle studies
since it has been accessible in the lab, and has a viscosity close to that of water, so it is
an appropriate chemical to compare its wetting behavior with water. Vegetable oil has also
been used as model oil for its low toxicity and availability.

3.2
3.2.1

Materials and Methods
Chemicals Used for Contact Angle Studies

The non-polar chemicals used for this study have been xylene (C6 H4 C2 H6 , PTI Process
Chemicals), and commercial vegetable oil.

3.2.2

Substrates Used

The samples used for wettability studies have been pristine carbon fiber cloth, and 2-hour
CNT coated carbon fiber cloth, plain RVC foam, 2-h CNT RVC foam, and Graphite.

3.2.3

Contact Angle Measurements

We measured the water contact angle using a lab-made goniometer. We put a 5L droplet
of the liquids on the surface of the CNT-carpet and captured the picture of the droplet in
TM

the goniometer by a camera. Using SolidW orks
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, we measured the contact angle of the

droplets.

Water Contact Angle
The procedure for measuring the water contact angle is mentioned above. The measurement was repeated ten times and the average value, and the standard error was calculated.
For pristine carbon fiber cloth, the values are qualitative because of the small value of the
contact angle and the precision of the goniometer and the gradual wicking of the drop into
the carbon fiber cloth.

Contact Angle of Non-polar Liquids
For Non-polar liquids, the contact angle measurements are mostly qualitative because of
the small value of the contact angle.

Qualitative Observations of Contact Angle of Droplets at the Presence of a Second
Liquid Phase
To observe the contact angle of one droplet at the presence of another liquid, the experimental set-up was different according to the density differences between the two liquids.
When the density of the droplet was lower than the density of the second liquid
medium, the substrate was assembled inside the second liquid, and the droplets were released from beneath the substrate. When the density of the droplet was higher than the
medium, the substrate was sunk at the bottom of the container, and the droplet was released
from above to land on the substrate.

3.2.4

Surface Treatments

Surface functionalization for reducing the hydrophobicity have been previously carried out.
The objective of this experiment is to discuss whether we can reduce the wettability of oils
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as well as affecting the hydrophobicity by surface treatments.

Oxygen Plasma Chemical Vapor Deposition
In order to modify the surface of the CNT-coated substrates, the samples were treated in
a microwave plasma reactor (V15 GL PlasmaTech Inc.). The chamber was exposed to
oxygen plasma under microwave power of 115W at an oxygen flow rate of 50ml/min for
6s.

Surface Treatment with Bleach
Samples were first soaked in methanol and then are immediately put in distilled water to be
wetted as much as possible and let the chemicals penetrate into its structure. Then, samples
were soaked in a solution of 5vol% nitric acid in distilled water for 10 minutes. Next,
samples were soaked in 15vol%bleach for 2 hours. Finally, after each step, the samples
were washed with distilled water to remove all the remaining chemicals.

3.3

Results and Discussion

3.3.1

Thermodynamic Considerations for Selective Wetting

According to the theoretical considerations in chapter 1, and figure 1.4, in order to determine whether the W3 condition is applicable, we need to know the interfacial tensions
between the oil, water, and an ideally flat graphene surface. Because carbon nanotubes are
made of graphene sheets and they would have the same structure as graphene when they are
assumed a flat, smooth surface to study the wettability in terms of Youngs contact angle.
According to the literature [39] [40],[41], the surface and interfacial tensions of graphene,
water and p-xylene (as a model oil immiscible and non-reactive with water) at 293K are
shown in table 3.1. The interfacial tension value for graphene-air, and graphene-water are
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taken from direct measurements of suraface tension carried out by van Engers et al. (2017)
[39].
The -66.53 mN/m value for the interfacial tension between graphene and xylene is
obtained from a molecular dynamics simulation carried out by Raad and Behnejad (2015)
[41]. The interfacial tension value for xylene-air and xylene-water are obtained from estimations made by Demond and Linder (1993) [40]. Since these values are taken from
different references with different methods of measurements and estimations, our predictions for the spreading parameter will only work as a qualitative analysis to demonstrate
the possibility of wetting and can not be taken as an accurate estimation of values.
For instance, for the spreading parameter of xylene-graphene at the presence of air we
will have:

S(xylene−graphene(air)) = γ(graphene−air) − γ(graphene−xylene) − γ(xylene−air)

(3.2)

Using the values given in table 3.1, the spreading parameter for xylene with graphene
will be 119 + 66.53 − 28.55 = 156.98 mN/m > 0, and a positive value indicates complete
wetting of graphene with xylene at the presence of air.
Similarly, for the wetting of graphene with water,

S(water−graphene(air)) = γ(graphene−air) − γ(graphene−water) − γ(water−air)

(3.3)

Which gives a value of -34.6 mN/m for the spreading parameter. A negative value
means partial wetting of graphene with water.
In order to determine the underwater wettability of smooth graphene with xylene, we
can measure the spreading parameter using the given interfacial tensions:
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Table 3.1: The reported interfacial tensions between water, air, graphene, and xylene.
Interface

Interfacial Tension
(mN/m)

graphene-air

119 ± 3

p-xylene-air

28.55

water-air

70.6

graphene-water

83 ± 7

p-xylene-water

37.77

graphene-p-xylene

-66.53

S(xylene−graphene(water)) = γ(water−graphene) − γ(xylene−graphene) − γ(xylene−water)

(3.4)

Using the values in Table 3.1, Sxylene−graphene (in water) =111.76 mN/m, which is a
positive value. A positive spreading parameter indicates the complete wetting of graphene
with xylene underwater. This means that the scenario E5 in Figure 1.4 which is the formation of a consistent film of oil at the presence of water on the textured substrate is
thermodynamically possible for carbon nanotube carpets.

3.3.2

Wetting of CNT Carpets with Xylene and Water

CNT carpets demonstrate to have a superhydrophobic surface and are also oleophilic. According to figure3.1, the superhydrophobicity remains when the substrate is in xylene as a
model oil, and the xylene drops spread entirely and are absorbed on the substrate underwater which indicates the oleophilicity of the substrate underwater.
The calculated value for the contact angle of water is 149±9.01. After treatment
with nitric acid, the water contact angle in the air reduces to about 125.075◦ ± 9.75. The
xylene contact angle in the air remains zero. However, the xylene contact angle under water
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Figure 3.1: Water and xylene droplets on CNT-CFC surfaces

increases from 0 to about 81.28◦ ± 5.57. After nitric-acid treatment following by bleach
treatment, the water contact angle in the air has an initial value of about 80◦ ; however, it
reduces to 0 within 20 seconds. The oil contact angle in the air remains zero, but underwater
has a value of 78.17◦ ± 2.95, like the nitric acid treated sample.
Surface treatment with bleach alone does not have a remarkable effect on the wettability. However the water contact angle reduces from about 149◦ to about 120◦ , and the
contact angle of xylene is not affected at all.
Further investigation is needed to confirm surface chemistry and morphology changes
after treatment with nitric acid and bleach treatment; however, it could be suggested that
in this study, to reduce the wettability of oils on the CNT carpets, the surface morphology
adjustment with nitric acid is more effective than the attachment of polar groups by bleach
treatment.
The results for contact angle are summarized in Table 3.2 and figure 3.2.
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Figure 3.2: Droplets of water and xylene on different substrates and in 1 and 2 liquid
systems

3.3.3

Calculation of Cassie-Baxter Contact Angle

Carbon Nanotube Carpets Roughness Factor Calculation
According to BET calculations carried out by Dr. Mukhopadhyays group, the measured
value of the specific surface area of the CNT-coated woven carbon fibers with a coating
time of 2h is 11.25m2 /g
The surface roughness of a substrate, r, is calculated according to the following equation:
r=Actual Surface area of substrate/projected surface area of substrate
The measured weight of a 1(cm)x1(cm) sample of CNT-CFC is 0.0409 g
Multiplying the weight by the SSA value gives a total surface area of 4602.25 cm2 for
a 1 cm2 sample Hence, r=4602.25
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Table 3.2: Qualitative contact angle measures for different liquids and substrates.
substrate

treatment

droplet/medium

Contact angle

Non

Water/air

149.01◦ ± 9.01

xylene/air

0

water/xylene

123.51◦ ± 9.82

xylene/water

0

water/air

125.075 ± 9.75

xylene/air

0

xylene/water

81.28 ± 5.57

water/air

101.95 ± 15.49

xylene/air

0

water/air

0

xylene/air

0

water/xylene

123.99 ± 10.13

xylene/water

78.17◦ ± 2.95

water/air

89.72◦ ± 6.13

water/xylene

123.99◦ ± 10.13

CNTCFC
Nitric acid

Bleach
Nitric acid/bleach

graphite

Non

Estimated Solid Ratio φ
By setting a brightness threshold (figure3.3), with a method like one used previously[32],
the ratio of the brightest pixels was calculated for two different magnifications including
both micrometer and nanometer resolutions, assuming to be the highest regions that would
contact a fallen drop.
The solid ratios from highest to lowest magnification:
φ1 =0.54 and φ2 =0.33, and the total Solid ratio φ is calculated by multiplying φ1 and
φ2 :φ=0.178.
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Figure 3.3: The SEM micrographs demonstrating the solid ratio on the surface of a CNTcoated carbon fiber cloth in nanoscale (above) and microscale (below)
Estimating the Cassie-Baxter and the Critical Contact Angles
Critical angle θc = cos(−1) (1 − φ)/(r − φ) = 89.99o , and generally for porous materials,
this value is always assumed to be 90o .
The inherent contact angle of water on flat graphene[42] has a value between 95o −
107o which makes the floating drop state possible.
Assuming θ = 100o , Cassie-Baxter Contact angle θ∗ = cos(−1) (−1 + φ(cosθ + 1) =
148.51. This is consistent with the experimental measurement of 149.01±9.01 for apparent
water contact angle on CNT-CFC.
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3.4

Conclusions

Aligned carbon nanotube arrays demonstrate superhydrophobicity that is also maintained
when the substrate is submerged with oil. On the other hand, the CNT arrays are superoleophilic even when submerged in water.
These wetting properties indicate that surface treatment with grafting aligned carbon
nanotubes on a suitable porous membrane can result in the appropriate wettability properties for developing an effective membrane for oil-water separation. However, they can be
applied for removing water impurities from oil, and thus, retrieving and recycling the oil
waste. For purification of water, it is needed to reverse the wettability of the CNT arrays.
Chemical surface treatments can reverse the wettability of aligned CNT arrays. The
hydrophobicity is reversed by simple chemical treatments while the wettability of oil remained unchanged except for when the substrate are submerged in water, nitric acid treatment can increase the under-water oleophobicity.
We have also calculated the Cassie-Baxter contact angle using an SEM micrograph
and the results have been very close to the measured contact angle, Suggesting that it is
efficient to predict the contact angle by analyzing a surface micrograph.
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Chapter 4: Sorption Capacity of Carbon
Nanotubes Carpets

4.1

Introduction

The amount of oil polution that enters the environment from major accidents in the oil
industry makes a very small fraction of the total oil which enters the environment. However,
they can highly pollute small regions and severely harm the local ecosystem.
On the other hand, the oil can affect humans through several ways such as affecting
the fish and shellfish that is extracted for food, and contaminating the groundwater[34].
It is a worldwide issue to find a quick and cost-effective way to respond to oily wastewater and a great amount of research in materials science and engineering is dedicated to
this topic[35].
While two dimensional meshes and membranes have shown promise in industrial settings, for pollution in open, natural resources such as lakes, rivers and oceans, the contaminated water needs to be collected and directed for this method which requires excessive
energy39. While three dimensional porous materials and particles can be simply placed on
the polluted area and absorb the oil[36].
In general, oil has a lower density than water, and when it enters the water, it leaves a
layer on the top of water surface while some of it also forms emulsions with water while
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other impurities work as emulsifying agents. In order to remove the surface oil, it is convenient to use a high-adsorbing floating membrane to collect the layer of oil.
Li et al. (2016)[43] have developed a superhydrophobic attapulgite-coated polyurethane
sponge that exhibits robust superhydrophobicity and high adsorption capability in the separation of oil from various corrosive solutions and water, and under harsh turbulent conditions. The sponges can be used for separating emulsions with 99.8 % separation efficiency.
They are also recyclable and have shown very little degradation in capacity after 3200
cycles of usage.
Gao et al. (2014)[44] have developed an oil-absorbing sponge made of carbon soot
by dip coating. The carbon soot sponges demonstrated an absorption capacity of up to 80
times its own weight for an extended variety of oils and organic solvents for more than
10 cycles. Dong et al. (2012)[45] fabricated graphene-CNT hybrid sponges that have
shown superhydrophobicity and superoleophilicity, and absorption capacities of 80-130 for
a variety of oils.
There are multiple kinetic models mathematically describing the sorption of different
substances on a solid. These models are designed based on different approaches on the
mechanism of adsorption. However, if a certain model fits the sorption data better than
others, it does not necessarily determine the mechanism with which the adsorption takes
place. However, models can help predict some fundamental quantities that indicate adsorption behavior.
We have demonstrated in the previous chapter that carbon nanotube carpets are superhydrophobic and superoleophilic which makes them capable of being selectively wetted by
oils and selectively reject water, thus purifying water from oil.
In this chapter, we investigate the sorption capacity of the as-prepared hierarchical
porous carbon structures with model oils and water, separately and we discuss the factors
affecting this value.
We will also discuss whether the sorption capacity of the samples deteriorates over
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multiple cylces of usage. Later, we plot the amount of oil and water uptake into the hierarchical CNT-coated substrates versus the time elapsed for the sorption and determine
how the selectivity of sorption for oil and water changes after CNT growth on the porous
substrates.

4.2

Materials and Methods

4.2.1

Substances used for Sorption Capacity Measurement

Xylene and commercial vegetable oil have been used as model oils for measuring the sorption capacity of CNT-carpets. We have chosen vegetable oil for being non-toxic and its
availability, and xylene for comparing a non-polar chemical with a less complex molecular
structure.

4.2.2

Substrates Used for Sorption Measurement

Plain and CNT-coated carbon fiber cloth and RVC foam have been used for sorption capacity measurements, as they are the porous materials currently tested in our lab.

4.2.3

Measurement of Sorption Capacity

The dry samples were weighed and dipped in the substance for 30 minutes. After that, the
samples were put on a paper towel for 30 seconds to remove the excessive oil. Then, the
samples were weighed again. The sorption capacity is calculated by the following formula:

SorptionCapacity = (W2 − W1 )/W1

(4.1)

The weight of the dry sample for the samples after dipping in the liquid and resting on
the paper towel is W1 and W2 , respectively.
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Figure 4.1: Capacity changes with time measurement set-up.

4.2.4

Recyclability of Sorption of Oil from Water

Using the calculated capacity values,an amount of oil equal to the sorption capacity measured in the previous section, was dropped on top of 10 mL water that. Xylene and vegetable oil were used, and both oils were colored by ferrocene powder.
The samples were quickly weighed after submerging the oil drops to avoid losing the
absorbed volatile xylene and were put in acetone to release the absorbed oil.
We chose acetone since it can clean a vaster range of nonpolar substances in comparison to methanol.The test was carried out over ten cycles for each sample and oil to
determine the recyclability.

4.2.5

Measurement of Sorption with Time

The sorption was measured by weighing the dry samples and dipping them in the substance
for a time. We used a metal mesh to hold the sample and a container to collect the excess
oil drain as shown in figure4.1. The sorption capacity, Q, is calculated as follows:

Q = ((W t − W d))/W 1

(4.2)

W1 is the weight of the dry sample, and Wt is the weight of the sample after absorption
of oil after saturation. Wd is the weight of the oil that has been drained from the sample
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after 30 seconds on the mesh.

Sorption of Oil from Emulsion
Emulsion Preparation:
An emulsion is a blended mixture of two immiscible liquids that is stable, unlike a free
mixture which can be blended through agitation but will immediately split, while viscosity
controls the devision rate.
Emulsions form with the aid of an emulsifying agent or a surfactant that consists of a
molecule with both polar and non-polar components (such as a polar head, and a nonpolar
tail) on two opposing sides of its structure in a way that it leaves enough free space for
water and oil to attach to the head and tail, respectively.
To study the sorption of oil and water from an emulsion, a fixed ratio of oil-watersurfactant needs to be maintained as well as a fixed agitation process in the same environment.
-Preparation of Oil-Surfactant Solution
In order to prepare the oil-in-water emulsion, first, a solution of oil and surfactant was
prepared by mixing 42 g of vegetable oil with 0.15 g of TritonX100 (C14 H22 O(C2 H4 O)n )as
a surfactant.
We used TritonX100 since it is conveniently accessible and a less expensive chemical.
For this experiment, we mixed dissolved the surfactant in oil because we used an organic
dye to color the oil in order to distinguish between the oil and water phases. In case of
dissolving the surfactant in water, the dye would color the water as well. However, for
oil-in-water emulsions like the one we prepared, the surfactant should be mixed with water
instead of oil.
An amount of 0.01 g of non-water-soluble organic dye was also added to the mixture
to identify the oil droplets in water. The mixture was sonicated for 50 minutes, then stirred
vigorously on low heat for 30 minutes. The surfactant was dissolved in the oil instead of
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Figure 4.2: Oil capacity for plain RVC foam after heating on a hotplate for different timeslots.

water to keep the dye from being dispersed in the water.
-Preparation of Oil-in-Water Emulsion
In order to prepare the emulsion, 15 g of oil solution was added to 45 g of water, and
the mixture was vigorously stirred for 10 minutes on low heat, resulting in a cloudy emulsion. For all tests the same magnet and 250 mL beaker was used to prepare the emulsion
with the same properties.
Oil Sorption Measurement:
The weight of the dry samples was recorded, and then the samples were dipped in the
emulsion for individual time slots. Then, the samples were removed and placed on a hot
plate on medium heat to remove the absorbed water. The measurement of sorption was
carried out using the same method as described in equation 4.2.
In order to confirm that only water was being removed on the hot plate, as a control
test, RVC samples were weighed and dipped in pure oil and pure water for 30 minutes, and
then they were put on the hot plate on medium heat (between 2-3). The hotplate temperature
was measured with a grill thermometer and is about 250 degrees Fahrenheit. The results
are shown in Table A.4, and demonstrated in figure4.2 and figure4.3 It is observed that for
vegetable oil, the capacity loss is almost the same, and about 5% for all heating times. And
for water, the capacity loss reaches 100% for 7 minutes of heating and above which means
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the water is completely removed at that point.

4.2.6

Comparison between the Sorption from an Emulsion and a Mixture of Water and Oil

Emulsion Preparation
In order to prepare the emulsion, the same oil-surfactant solution made previously, was
used for the emulsion. 15 g of oil solution was added to 45 g of water, and the mixture was
vigorously stirred for 10 minutes on low heat, resulting in a cloudy emulsion.

Mixture Preparation
In order to prepare the oil-in-water mixture, 0.01 g of non-water-soluble organic dye was
added to 42 g of vegetable oil to identify the oil droplets in water. The mixture was sonicated for 50 minutes, then stirred vigorously on low heat for 30 minutes. To prepare the
mixture, 0.3 g of the colored oil was added to the 10 mL beakers followed by 0.9 g of water.
The mixture was stirred by shaking the container.

Figure 4.3: Water capacity for plain RVC foam after heating on a hotplate for different
time-slots.
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Sorption Test
Sorption test was carried out the same way as in section 4.2.5.
First, the weight of the dry samples was recorded (Wd).
The emulsion was originally made in a 200 mL beaker. Using a glass pipette, the
emulsion was first stirred to make sure the sampling components were uniform. Then, 1.2
g of the emulsion was taken with the pipette, and added to the 10 mL beakers, and the
samples were put inside, and remained for different time slots.
The mixture was made as mentioned previously, by adding 0.3 g of dyed oil to 0.9 g
of water in the 10 mL container and then the container was shaken to mix the water and oil.
The samples were immediately put in the beaker after shaking.
After dipping the samples for different time slots, the samples were weighed on a
container, and were picked up after 30 seconds. The amount of the liquid that was left on
the container were recorded and was subtracted from the original weight. And the resulting
weight was recorded as Wt.
It was shown previously that for plain RVC samples, after 7 minutes on a hotplate with
a temperature of 250 Fahrenheit, all the absorbed water would be removed. Therefore, to
remove the absorbed water, samples were put on a metal mesh surface and then were put
on the hotplate for 7 minutes. The weight of the samples was recorded as W’.
The sorption of water and vegetable oil were calculated using the following equations.

Sorptionof vegetableoil : Q = (W 0 − W d)/W d

(4.3)

Sorptionof water : Qw = (W t − W 0 )/W d

(4.4)
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Figure 4.4: Sorption capacity of oils and water with plain and CNT-coated carbon fiber
cloth.

4.3

Results and Discussion

4.3.1

Sorption Capacity Value

Figure 4.5: Sorption capacity of oils and water with plain and CNT-coated RVC foam.
Comparisons of the sorption capacities of three substances for fabric and foam are
provided in figure4.4 and figure4.5, respectively. All the calculated values for sorption
capacity are shown in table 4.1.
Since xylene is a volatile substance, some amount of it might evaporate during the
capacity measurement. Therefore, the reported value could be lower than the actual value
of sorption capacity. On the other hand, xylene has a lower viscosity than vegetable oil,
and this could be another reason why the measured sorption capacity for xylene is lower
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Table 4.1: Sorption capacity values for different substrates and liquids.
Substrate

Qxylene
(g/g)

Qvegetable−oil
(g/g)

Qwater
(g/g)

2h-CNT-CFC

1.242± 0.086

1.0358 ± 0.213

0.848 ± 0.178

plain CFC

0.363 ± 0.025

0.299 ± 0.129

0.464 ± 0.178

2h-CNT-RVC foam

7.518 ± 0.852

12.672 ± 0.97

1.561 ± 0.238

plain RVC foam

3.65 ± 0.67

7.033 ± 0.647

1.532 ± 0.623

than vegetable oil since it is easier for xylene to flow out of the structure.
The Growth of CNTs improves the absorption of all three fluids. However, the capacity change for water is not very significant for foam.
Since the growth of CNT arrays creates a hydrophobic surface, it is expected for the
samples to have a lower sorption capacity for water after the growth of CNTs however, it
should be noted that the CNT arrays are one-directional and are superhydrophobic only on
the planes that are perpendicular to the direction of the CNTs in the array. Furthermore,
parts of the substrate, for example, the edge of the samples where they have been cut do
not contain much CNTs.
Since in this method, the samples are dipped into the substance, water can penetrate
through other directions into the sample. The introduction of finer surface porosity to the
samples after CNT growth facilitates the entrapment of water droplets in the structure, and
thus, it increases the calculated value for sorption capacity.
Foam samples have a higher specific surface area in comparison to the fiber cloth
samples, which means they have a larger surface to interact with liquid molecules and
therefore, as it is expected, a higher weight gain fraction is reported for the foam samples.
For foam samples, according to morphological analysis by Vijwani (2015)[46], CNTs
are grown in different depths of the sample, although not thoroughly with a uniform nanotube length, but for a certain depth in the sample, the CNTs are aligned in one direction
with very little entanglement.
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Figure 4.6: The sorption of xylene from the surface of water for CNT-coated foam and
fabric samples, showing the complete removal of oil from the water surface

On the other hand, the pristine RVC foams are highly porous (97% porosity) and the
high roughness in their structure already results in a high apparent contact angle with water,
while both oils have contact angles close to zero with the RVC foam. For the pristine fiber
cloth samples, there is no apparent selectivity with the wettability of either oil or water.

4.3.2

Sorption of Oil from Water Surface Over Cycles

The reusability test was carried out on the CNT-coated samples, as discussed in section
4.2.4.
The sequential stages of oil absorption are shown in figure 4.6, which shows the complete removal of oil from the water surface. The initial amount of oil, which we dropped on
the water surface, is the sorption capacity values shown in table 4.1. All samples absorbed
the oil drops within a second until there was no amount of oil left on the surface of the
water that we could detect by its color.
It must be noted that for both oils, after the first cycle, a thin layer of residue remained
that spreaded on the surface of the water and could not be pulled out by the membranes.
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Figure 4.7: The sorption capacity of xylene and vegetable oil over cycles for CNT-coated
CFC amd RVC foam over cycles.

The color of the residue could not be detected on the surface of the water.
The thin film could be forming because of the presence of impurities on the surface of
water, which is probably because of the acetone that is used for cleaning the samples. The
presence of this thin film is probably not a result of oversaturation of the substrates with
the oil uptake.
The sorption capacity for CNT-coated fabric and foam substrates are shown in figure4.7.
There is no significant degradation of capacity after absorption and desorption over
ten cycles for either xylene or vegetable oil. The samples can be used multiple times to
remove oil from water effectively.
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Figure 4.8: Sorption of vegetable oil with time for plain RVC foam.

Figure 4.9: Sorption of vegetable oil with time for plain RVC foam and fitted adsorption
models.

4.3.3

Sorption at saturation

From the data of sorption of vegetable oil with time (figure4.8,and figure4.10), we calculated the sorption capacity from extrapolating the sorption value with time, using fitted
adsorption models in figure 4.9 and figure 4.11. Comparing the values with the previous
method of sorption capacity measurement when a paper towel was used instead of a mesh
(referred to Method 1). The sorption capacity values are shown in table4.2 .
In this study, when we refer to sorption capacity, we are refering to the maximum
amount of liquid that has entered the samples and it should not be confused with the adsorption capacity. We have used adsorption models only to extrapolate the value of the
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liquid uptake at saturation. We basically refer to the liquid uptake as ”sorption”.
The adsorption models are used in this chapter only to estimate the amount of sorption at saturation for comparison between the sorption values. We will not discuss the
adsorption mechanisms in this work.
The difference between the two methods for capacity determination is more significant
in plain RVC foam with an increase from 7.033 ± 0.65 to 18.44 (extrapolated from the
pseudo-2nd order model). While for the 2-hour-CNT-coated RVC foam, the capacity value
has changed from 12.67 ± 0.97 to 15.93 when extrapolating from the pseudo-2nd order
model.
Table 4.2: Vegetable oil capacity values for plain and 2h-CNT-coated RVC foam for the
two different measurement methods.
Substrate
Plain RVC foam

CNT-RVC foam (2h)

Method 1 capacity
(g/g)

Model

Calculated oil Capacity
(g/g)

R-squared

7.033 ± 0.65

pseudo-1st order

17.93

0.9525

pseudo-2nd order

18.44

0.9559

pseudo-1st order

15.56

0.9289

pseudo-2nd order

15.93

0.931

12.67 ± 0.97

By comparing the sorption capacity results, we suggest that the difference between
the two measurement methods could qualitatively indicate how well the samples can keep
the absorbed liquid inside them. The difference value for plain foam is very significant in

Figure 4.10: Sorption of vegetable oil with time for a 2h-CNT-coated RVC foam.
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Figure 4.11: Sorption of vegetable oil with time for a 2h-CNT-RVC foam and the fitted
kinetic models.
comparison to the CNT-coated samples, and it means that the CNT samples can hold the
oil inside their structure and not let it quickly drain out of the sample.
On the other hand, plain foam appears to allow more liquid into its structure, basically,
it might suggest that the permeability of plain RVC foam is higher than CNT-coated RVC
foams. In the following section, we will analyze how morphological changes can affect the
permeability of a porous media.
In the following section, we make a theoretical estimation for the permeability at of
the plain foam and an array of aligned CNTs.

4.3.4

Estimating the Permeability

As it is mentioned before in chapter 1, capillary imbibition through a porous medium follows Darcy’s law (equation1.11):

q = −(k/µ) 5 p

(4.5)

In this equation, k is Darcy hydraulic permeability, µ is the fluid viscosity 5p is the
pressure gradient and q is the average fluid velocity. The Darcy permeability is a characteristic property of the porous medium with the unit of square length. The value of K is
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proportional to the square of any characteristic dimension of a porous medium such as pore
or particle size[47].
Despois and Mortezen (2004)[47] have proposed a simple micro-structure-based model
for permeability of a fluid in open-cell micro-cellular foams. They obtained their model by
assuming the pore structure as interconnected spheres with pores connected with each other
through openings referred to as ”windows”.
By estimating the area of these windows as a function of pore size, and determining
the pressure difference as a function the window area and expanding it to the macroscopic
pressure gradient, they have defined the permeability by applying The pressure gradient to
Darcy’s law.
They have proposed that the Darcy permeability is related to the porous media morphology with the following equation:

K=

4r2 4 − 40 3/2
[
]
π 3(1 − 40 )

(4.6)

K is the permeability, 4 is the solid density in a particle compact, or the pore volume
fraction in a foam. 40 is the packing density of the spherical particles or pores, and r is the
particle radius, or the average pore radius in a foam.
With this model, knowing the porosity volume and packing density of the pores as
well as the radius of the pores, we can estimate the permeability for a plain RVC foam.
Upon growing the CNTs on the surface of the RVC foam, a new model is needed
to estimate the permeability. According to the previous morphological analysis [46], the
CNTs that are grown on the sample’s surface form an aligned array of unidirectional CNTs.
By assuming minimal entanglement, we can simplify the morphology of the CNT regions
as an array of unidirectional oriented fibers.
Shou et al. (2011) [48] have theoretically investigated the hydraulic permeability
in fibrous media and approximated the Darcian permeability for one-dimensional, twodimensional, and three-dimensional fibrous structures by different approximation methods,
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all of which have been highly consistent with the previous analytical, numerical and experimental data.
For an aligned array of fibers that are unidirectional, referred to as one-dimensional
regular fibrous media [48], if we assume a square packing of the fibers, with a square unit
cell of edge length a, as shown in figure 4.12. The porosity  for this arrangement can be
calculated as follows:

=1−

πr2
a2

(4.7)

Then, according to their estimations[48], the dimensionless hydraulic permeability in
the unit cell for flow perpendicular and parallel to the fibers can be calculated as a function
of the porosity , and the Knudsen number Kn, defined as Kn = λr , λ being the mean free
path of the fluid, and here r is the radius of the fibers as the representative physical length
scale.
For the perpendicular flow:

K/r2 =

−0.5ln(1 − ) + 0.25 −  − 0.25(1 − )2 + 2Kn(−0.5ln(1 − ) − 0.25(1 − )2
4(1 − )(1 + 2Kn)
(4.8)

And for flow parallel to the fibers, we have:

K/r2 =

−0.25ln(1 −  + 0.25 −  − 0.25(1 − )2 + 2 Kn
2(1 − )

(4.9)

In a previous work by Vijwani (2015) [46], she executed a morphological analysis on
the RVC foams coated by aligned CNT arrays, the same structures as in this study.
A schematic of the morphology of the CNT arrays is shown in figure4.13.
Using the given information, we can theoretically predict the permeability of plain,
and CNT-RVC foams.
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Figure 4.12: A square unit cell in the regular arrangement of parallel fibers.

Estimated permeability values
We assume that the RVC foam with given porosity of 0.97, consists of randomly-packed
uniform spherical pores with pore diameter of 300µm. For a random packing of spheres,
40 = 0.64 in equation 4.6.
For the CNT foam, we assume a CNT length of 46µm and 94µm for 1h-CNT and
2h-CNT, respectively.According to figure4.13, the square unit cell edge length is estimated
to be 82 nm, and the nanotube radius is 9 nm. Using the given information, the porosity 
can be calculated using equation4.7, and  = 0.997. Kn can be estimated by assuming a
safe value for the mean free path, which is an estimate for liquid water: λ = 0.31nm [49],
and Kn = λ/r = 0.31/9 = 0.034.
The estimated values for permeability are given in table 4.3.
Table 4.3: The estimated values for permeability
substrate

K
(m2 )

plain RVC foam 1.173 × 10−9
CNT arrays

-

Kparallel
(m2 )

Kperpendicular
(m2 )

-

-

9.488 × 10−15

1.41 × 10−14

As we proposed, theoretical estimations also suggest that the permeability of the CNT
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Figure 4.13: Schematic of the Morphology of the CNT arrays
Table 4.4: Calculated sorption capacities of vegetable oil and water for a 1/3 oil/water
weight fraction free mixture and semi-stable emulsion on a plain RVC foam.
fluid type

Mixture

Emulsion

Kinetic model
(g/g)

Vegetable oil Capacity

R-squared (oil)
(g/g)

Water capacity

R-squared (water)

pseudo-1st

15.9

0.9531

1.24

0.8608

pseudo-2nd

16.93

0.9352

1.276

0.828

pseudo-1st

10.85

0.8176

7.2

0.8671

pseudo-2nd

10.98

0.806

7.25

0.8714

arrays is remarkably lower than the plain RVC foams.Therefore, growing CNT arrays on
the surface of RVC foam,The CNT arrays will occupy some of the pore volume of the
foams and thus, the permeability decreases.

4.3.5

Comparison between the sorption from a mixture and an emulsion

The kinetic results of sorption of vegetable oil and water from an oil-in-water mixture and
emulsion with oil-to-water weight fraction of 1/3, is shown in figures 4.15 and 4.17. Only
for the sake of comparing the sorption at saturation values, we fitted the experimental data
into the pseudo-1st and pseudo-2nd models of adsorption. The calculated sorption capacity
values are in table 4.4.
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Figure 4.14: The sorption of water and oil on plain RVC foam with time from an oil-water
mixture.

According to the fitted data, For a 1/3 vegetable oil/water mixture, the maximum
capacity of vegetable oil that the plain RVC foam can let into its structure is 15.9 g/g for
the pseudo-1st order model and 16.93 g/g for the pseudo-second model while these values
for water are 1.24 g/g and 1.28 g/g for pseudo-1st and 2nd order models, respectively.
The results for the water and vegetable oil sorption are shown in figure4.14 for free
mixture, and figure4.16 for a semi-stable emulsion with the same oil-to-water ratio. If
we take the difference between the sorption value of oil and water as an indication of
selectivity, it is observed that for the plain RVC, the selectivity of sorption decreases for the
sorption from an oil-water emulsion in comparison to a free mixture, since emulsification
makes it challenging to separate the two different phases from each other.
After CNT growth on the RVC foam samples, we expect that the microroughness
from the aligned CNT carpets enhance the selective absorption of oil from the oil-water
emulsion. As we can see in figure4.18 and figure4.20, the difference between the sorption
values of water and vegetable oil is more significant than that of the plain RVC foam in
figure4.16, which indicates the selectivity has increased after grafting the CNT arrays.
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Figure 4.15: The sorption of water and oil on plain RVC foam from an 1/3 oil-water mixture
with the kinetic adsorption models fitting.

Figure 4.16: The sorption of water and oil on plain RVC foam with time from an oil-water
emulsion.

The calculated oil and water capacity values for the sorption of the emulsion with
1h-CNT-RVC and 2h-CNT-RVC foams are shown in table 4.6.
For the carbon fiber cloth samples, according to figures 4.22 and 4.23, with no CNT
growth, the sorption values for water are higher than those of vegetable oil. The plain
carbon fiber cloth is hydrophilic since it contains polar resins in its structure. The oil
to water ratio in the emulsion is 1 to 3, so if the plain CFC is absorbing water and oil
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Figure 4.17: The sorption of water and vegetable oil on plain RVC foam from an 1/3 oilwater emulsion with the kinetic adsorption models fitting.

Figure 4.18: Vegetable oil and water sorption from an emulsion for a 1h-CNT-coated RVC
foam.

contents in the emulsion equally, the sorption of oil/water ratio must be 1/3 as well which
is approximately the case. After CNT growth, the sorption values reverse, and like the foam
samples, the sorption value for vegetable oil becomes higher than water.
The extrapolated values for the sorption of emulsion on carbon fabric cloth samples
are shown in table 4.5.
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Figure 4.19: Vegetable oil and water sorption from an emulsion for a 1h-CNT-coated RVC
foam with fitted models for the extrapolation of saturation value
Table 4.5: Extrapolated water and oil capacity values for carbon fabric cloth samples
Model

Plain CFC

2h-CNT-CFC

4.3.6

Substrate

Q-Vegetable oil
(g/g)

R-squared

Q-water
(g/g)

R-squared

pseudo-1st

0.6035

0.4085

1.221

0.5376

pseudo-2nd

0.6024

0.4084

1.242

0.5227

pseudo-1st

1.836

0.6307

0.7652

0.1939

pseudo-2nd

1.958

0.6102

0.922

0.18

Estimating the Specific Surface Area

Specific surface area (SSA)is an indication of how much space is available in a solid to
interact with adsorbates. The larger the SSA, the more space is available for adsorbates
to attach to a solid. Therefore, it is expected for the adsorption capacity to increase with
the SSA. Surface roughness increases the SSA, therefore, as grafting CNT arrays increases
surface roughness, so it does the specific surface area.
In this section, we estimate the specific surface area of the plain and CNT-coated RVC
foams.
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Figure 4.20: Vegetable oil and water sorption from an emulsion for a 2h-CNT-coated RVC
foam.
Table 4.6: Oil and water extrapolated sorption capacity values from the 1/3 oil/water emulsion for plain RVC, 1h-CNT-RVC, and 2h-CNT-RVC foams.
substrate

Model

Vegetable oil capacity
g/g

R-square

Water capacity
g/g

R-square

plain RVC

pseudo-1st order

10.85

0.8176

7.2

0.8671

1h-CNT-RVC

2h-CNT-RVC

pseudo-2nd order

10.98

0.806

7.25

0.8714

pseudo-1st order

9.351

0.8403

5.71

0.8261

pseudo-2nd order

9.426

0.8278

5.709

0.826

pseudo-1st order

9.879

0.8132

5.274

0.8533

pseudo-2nd order

9.879

0.8131

5.272

0.8398

Calculation of Apparent Density of the Foam Samples
The apparent density was calculated by measuring the weight of cylindrical samples with
5 mm height and a 8 mm diameter and dividing the weight by their apparent volume.

The Specific Surface Area of Carbon Nanotubes
The Specific surface area of a sample is the total surface area of that sample divided by its
weight. For a CNT, reportedly[46], the SSA is calculated as follows:

SSACN T =

SACN T
SACN T
4
=
=
mCN T
(VCN T ∗ ρCN T )
(D0 ∗ ρM W )
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(4.10)

Figure 4.21: Vegetable oil and water sorption values for a 2h-CNT-coated RVC foam with
fitted models for the extrapolation of saturation value
SACN T is the total surface area of the carbon nanotubes, and mCN T is the total weight,
and VCN T is the total volume of the CNTs. D0 is the outer diameter of the CNT, which for
the CNT grown on RVC 80ppi is reportedly 18 nm [46].
ρM W is the mass density of the CNT which for the ones grown on the same RVC, is
reportedly 1.86 g/cm3 [46]. Using the above data, the SSA of the CNTs on RVC 80ppi can
be estimated to be 119.47 m2 /g.

Weight Gain Percentage of the Carbon Nanotube Coated Samples
By subtracting the apparent density of plain foam from the apparent density of the foam
after CNT growth and dividing that number by the former value, we get the weight gain
percentage after CNT growth.

W eightGain% =

ρcntf oam − ρplainf oam
× 100
ρcntf oam

(4.11)

Using the values of densities calculated in the previous sections, the weight gain percentage for the 1h-CNT-foam and the 2h-CNT-foam samples are 22.20% and 30.27%, re68

Figure 4.22: Sorption of water and vegetable oil with time from an emulsion for a 2h-CNTCFC.

Figure 4.23: Sorption of water and vegetable oil from an emulsion for a plain CFC.
spectively.
If we assume the weight loss after CNT growth is inconsiderable, this weight gain
fraction would be the weight fraction of the CNT that is grown on the sample to the weight
of the sample after CNT growth.

Calculation of the Specific Surface Area
The specific surface area of CNTs was estimated before (119.47 m2 /g) and the surface area
of the plain RVC foam 80 ppi is reportedly 0.1 m2 /g.

69

For 1-hour and 2-hour CNT foam, the specific surface area is measured by the summation of the surface areas of the CNT portion and the original foam.

SSA = (W eightGainF raction) × 119.47 + (1 − W eightGainF raction) × 0.1 (4.12)

The results are 26.60 m2 /g , and 36.23 m2 /g for 1-hour-CNT foam and 2-hour-CNT
foam, respectively. According to our estimations, specific surface area has increased with
longer CNT growth time.
We observe in the raw data of sorption shown in figures 4.17, 4.18,and 4.20 that the
gap between the sorption of oil and water increases with increasing the specific surface area
of the samples.

4.4

Conclusions

Coating the porous carbon surfaces with carbon nanotubes improves the selectivity when it
comes to absorption from an oil/water emulsion.
It has been demonstrated before that surfaces with aligned CNT arrays are suitable for
selective adsorption of oil from water. We have measured the sorption capacity of CNTcoated RVC foams and compared it to the capacity of plain foams.
We have shown that although the capacity of plain foam has a slightly higher value for
pure oil, and for the absorption of oil from an oil-water free mixture, the microroughness
from the CNT-arrays remarkably improve the separation capability of the RVC foam as a
sponge for oily wastewater cleanup.
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Summary
As-prepared aligned carbon nanotube arrays are superhydrophobic and super-oleophilic in
air. This investigation is aimed at understanding if and how this can be used for separation
of the two fluids.
The first step was to study if wetting behavior changes when they are submerged in
a fluid environment.It is observed that the superhydrophobic property is maintained when
the substrate is submerged with oil. Similarly, super-oleophilic behavior remains when
submerged in water. These results indicate the CNT-carpets have the appropriate surface
properties to be used for oil-water separation.
We have used the Cassie-Baxter model to estimate the contact angle of water on these
surfaces, using electron microscopic data of surface morphology. The results have been
very close to the measured contact angle, suggesting that it is possible to predict the contact
angle by analyzing surface morphology of hierarchical solids.
We have shown that when some surface treatments are used to make the surface hydrophilic, the wettability of oil remains mostly unchanged.The exception is the case of
nitric acid treatment, which makes the surface oleophobic when submerged in water.
We have measured the sorption capacity of pure water, pure oil, and oil-water mixtures
on plain untreated carbon foam in comparison with CNT-coated RVC foams, in order to
understand the role of CNT carpets on these surfaces.
We have observed that, whereas results from untreated foam are unclear, foam with
aligned CNT arrays always clearly show selective adsorption of oil from water. The results
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demonstrate that the nanoscale-roughness of the CNT arrays remarkably change the relative
sorption of oil and water from a mixture. The RVC foam with CNT carpets acts as a sponge
for removal of oil from the oil-water mixture.
We have also investigated the use of these materials in surfactant stabilized oil-water
emulsion. Whereas complete separation is complicated, materials with carbon nanotube
arrays clearly show improved selectivity of oil compared to water even in a stable oil-water
emulsion.
These studies indicate that these materials have potential use in oily wastewater cleanup.
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Future Works
We suggest some beneficial future studies on oil-water separation and wettability on CNTcarpets would be as follows:
Controlling the porosity of the membranes for better demulsification capabilities.
Investigating the mechanisms of adsorption from an oil-water emulsion.
Investigating surface treatments and controlling the surface texture to obtain superoleophobicity.
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Appendix A
Data Tables

Figure A.1: Vegetable oil and xylene uptake form water surface over cycles
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Figure A.2: Vegetable oil sorption with plain RVC

Figure A.3: Vegetable oil sorption with 2h-CNT-RVC
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Figure A.4: Water and oil removal with time for plain RVC foam on a hotplate at 250◦ .

Figure A.5: Water and vegetable oil uptake with plain RVC foam from a mixture
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Figure A.6: Water and vegetable oil uptake with plain RVC foam from an emulsion
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Figure A.7: Water and vegetable oil uptake from an emulsion for 1h-CNT-RVC

Figure A.8: Water and vegetable oil uptake from an emulsion for 2h-CNT-RVC
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Figure A.9: Water and vegetable oil uptake from an emulsion for a plain CFC

Figure A.10: Water and vegetable oil uptake from an emulsion for 2h-CNT-CFC
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